Abstract. We study models in which neutrino masses are generated dynamically at cosmologically late times. Our study is purely phenomenological and parameterized in terms of three effective parameters characterizing the redshift of mass generation, the width of the transition region, and the present day neutrino mass. We also study the possibility that neutrinos become strongly selfinteracting at the time where the mass is generated. We find that in a number of cases, models with large present day neutrino masses are allowed by current CMB, BAO and supernova data. The increase in the allowed mass range makes it possible that a non-zero neutrino mass could be measured in direct detection experiments such as KATRIN. Intriguingly we also find that there are allowed models in which neutrinos become strongly self-interacting around the epoch of recombination.
Introduction
One of the major discoveries in particle physics in the last two decades is the presence of non-zero neutrino masses, measured through neutrino oscillations in experiments such as Super-Kamiokande [1] , solar SNO [2] and KamLAND [3] . These oscillations require at least two of the three neutrino mass eigenstates to be massive. However, neutrinos are much lighter than other fermions in the standard model. Data from measurements of neutrino oscillations have established the presence of two mass differences of order ∆m (1/2) ∼ 2.5 × 10 −3 eV 2 respectively (see e.g. [4] ).
Together with direct measurements from tritium decay (see e.g. [5] ) this constrains the masses of all active neutrinos to be below the eV scale. This is quite puzzling since neutrino masses must then be many orders of magnitude below what might naturally be expected of Dirac fermions coupling to the Higgs. This puzzle has led to intense theoretical work on neutrino mass generation mechanisms (see e.g. [6] for a thorough review). The most widely studied model is the see-saw mechanism which relies on the possibility that neutrinos can have very large Majorana masses (see e.g. [7, 8] ). Combined with Dirac masses of the same order of magnitude as for other fermions, this leads to a separation of scales with three light left handed and three heavy right handed Majorana neutrinos.
Especially since there is no known way to test the see-saw mechanism, it is important to also study other possible methods of neutrino mass generation. Some suggested alternative mechanisms provide dynamical generations of neutrino masses on cosmologically interesting timescales. For instance, in the mass varying neutrinos (MaVaN) scenario [9] , neutrinos couple to a light scalar field which slowly rolls in a flat potential. This leads to the interesting property that neutrino masses are directly linked to dark energy which would explain why the neutrino mass scale is comparable to the energy scale required for quintessence-like dark energy (E ∼ 10 −3 eV). Studies (see e.g. [10] ) have however shown that because the coupling to a light scalar mediates an attractive force between neutrinos, these quickly form bound structures. While this is not a problem from a structure formation point of view, it means that the light scalar field cannot explain dark energy, except under rather special circumstances.
Another, more recent, attempt at explaining dynamical neutrino mass generation is the work of Dvali and Funcke [11] . There, neutrino masses are generated by a gravitational θ-term at a late time phase transition (at T ∼ m ν ). The model predicts that the onset of a non-zero neutrino mass at the phase transition temperature is rapid and that the resulting fluid is strongly self-interacting. Similar phenomenology is obtained with the models studied in e.g. [12, 13] .
In this paper, we study cosmological constraints on dynamical neutrino mass generation from a phenomenological point of view, inspired by the qualities of the model in [11] . In particular, we will assume that neutrinos are massless until a specific value of the scale factor is reached. At this time the mass increases to the present-day value and remains constant. We additionally include the possibility that neutrinos become strongly self-interacting at the time of mass generation.
We will allow for a finite width of the mass-transition, leading to two parameters that control the epoch and duration of the transition. We have implemented the dynamical neutrino mass model in the Boltzmann code CAMB [14] in order to test the effect on cosmological observables, and used CosmoMC [15] to constrain the models with CMB, BAO and supernova data. The dynamical neutrino mass model was also implemented into CLASS [16] in order to double-check the implementation in CAMB.
The paper is structured as follows. In section 2 we briefly review the Boltzmann equations and discuss the effects of introducing our non-standard neutrino phenomenology. Section 3 describes the models and data used in the work while results are presented and discussed in section 4. We conclude in section 5.
The Boltzmann equations
The first part of this section serves to give a brief summary of the evolution equations of neutrinos according to first order perturbation theory. For further details on this matter, the reader is referred to e.g. [17] which is the basis for the summary given below. In following subsections, the effects of neutrino mass and strong neutrino self-interactions are discussed.
The background metric is assumed to be a flat FLRW metric and perturbations are given in the conformal Newtonian gauge. The appropriate line element is therefore
where the standard convention of setting c = 1 is used.
The FLRW metric requires neutrinos to be described as a perfect fluid at background order. At first order, however, a perfect fluid approximation is generally not an adequate description for neutrinos. Instead, neutrinos must be described through their phase space distribution function f = f (x i , P j , τ ), where τ is proper time and P µ = m dx µ dτ is the conjugate momentum. In the Newtonian gauge, the conjugate momentum is related to the proper momentum, p i , by P i = a (1 − φ) p i . At background level, the distribution function is simply the Fermi-Dirac distribution, i.e.f ∝ 1 e /(aTν ) +1
. A bar is used to denote background quantities while = a 2 p 2 + m 2 = q 2 + m 2 a 2 will be used below to denote the neutrino energy.
The evolution of the neutrino phase space distribution is given by the relativistic Boltzmann equation which simply describes neutrino number conservation. Assuming, for the moment, that neutrinos are collisionless, this reduces to the relativistic Vlasov equation,
Writing f in terms of its background part,f (q), and perturbation, Ψ (x µ , q, n j ), where q j = qn j , the Fourier transform of the Vlasov equation can be written as
where a dot is used to denote partial derivatives with respect to conformal time. By expanding the perturbation Ψ( k,n, q, τ ) in a Legendre series as
the first order part of the Vlasov equation reduces to the infinite hierarchẏ
The neutrinos are related to the other components of the Universe and to the metric perturbations through their stress-energy-momentum tensor which is obtained from their distribution function by the relation
In particular, the energy density perturbation, velocity divergence and shear of the neutrino stressenergy-momentum tensor are defined as
where p = ωρ.
With these definitions, the integrals of the first two equations of the Boltzmann hierarchy in equation (2.5) over q 2 dq and q 3 dq, respectively, yields (see e.g. [18] ) the two evolution equationṡ
where H is the conformal Hubble parameter.
The following subsections discuss how the introduction of neutrino masses and self-interactions are implemented and affect cosmological observations.
Effects of neutrino masses
The neutrinos are modeled as being massless until a specific time, a = a s . When this scale factor is reached, the neutrino mass increases to its present day value m ν . More precisely, the neutrino mass is modeled using the following prescription: 9) where m ν is the present time neutrino mass and B s is a free parameter which determines the rate of transition between m ν (a) = 0 and m ν (a) = m ν . We note here that the specific form of Eq. 2.9 is not crucial. We have tested several other forms and found them to give similar results.
If a s is very small, say 10 −13 , the neutrinos are effectively massive at all times and the situation reduces to the standard massive-neutrinos picture. If B s is very large, say 10 10 , the transition between m ν (a) = 0 and m ν (a) = m ν can be considered instantaneous. This combination of values of a s and B s will be used as the reference case.
The effect of turning on neutrino masses depends on the size of m ν and in particular on whether the neutrinos are still light enough to be considered radiation. For simplicity, the following discussion applies to m ν small enough for the neutrinos still to be considered as radiation even when massive (except at very late times).
While other components of the Universe cluster to form structures, neutrinos free-stream. As discussed in e.g. [19] , this free-streaming reduces the growth of other components' perturbations because neutrinos contribute to the homogeneous expansion of space (causing the Newtonian metric potentials to decay) without contributing to the gravitational clustering on scales below the neutrinos' free-streaming scale (which is mass dependent). The suppression increases as the neutrino masses increase since a larger neutrino mass increases the overall neutrino contribution to cosmological evolution. Hence, in the models studied here, the power spectrum will be suppressed more, the earlier the neutrino masses are turned on and the larger m ν is. This is illustrated in figure 1 which shows the power spectrum for models of different values of a s , all with B s = 10 10 . Note that the power spectra have slightly different turn-over scales depending on whether the neutrinos become massive before or after radiation-matter equality. With the low neutrino masses studied here, neutrinos are relativistic during radiation-matter equality and will thus contribute to the radiation energy of the Universe during this epoch. Therefore, models where neutrino masses are turned on before radiation-matter equality will have a slightly delayed radiation-matter equality. This in turn implies a suppression of the power spectrum up to slightly larger scales since these will enter the horizon before radiation-matter equality and hence be decaying until the Universe becomes matter-dominated. Besides affecting the turn-over scale, the delayed radiation-matter equality also leads to an overall suppression of structure formation on small scales. In principle, the generation of neutrino masses will also affect CMB anisotropies. For instance, a delayed radiation-matter equality induces a larger early Integrated Sachs-Wolfe (eISW) effect which adds in phase to the Sachs-Wolfe effect and hence amplifies the CMB anisotropies around the first peak. The eISW effect is only important on scales large enough for a structure to evolve significantly -5 - during the time it takes a light ray to traverse it.
As seen in figure 2 , the overall effect of a s for a fixed m ν on the CMB angular power spectrum is quite modest except at a certain interval around a s = 10 −3 . When the neutrino mass is turned on close to the time of last scattering, a quite significant effect is seen in the low-l part of the CMB spectrum. This can be understood by looking at the expression for the CMB temperature multipoles, Θ l , (see e.g. equation 8 .55 in [20] ):
The effects seen in the CMB angular power spectrum in figure 3 are due to two different physical effects. First of all, when the mass is turned on, the equation of state parameter of neutrinos changes quite abruptly, leading to a large value ofω which again affects δ (as seen by equation 2.8) and hence the CMB angular power spectrum. This leads to prominent changes in the CMB angular power spectrum through the first two lines in equation (2.10), but only if it happens around the time of last scattering; the two top lines in equation (2.10) are multiplied by the visibility function, g(τ ), which is narrowly peaked about the time of last scattering as seen in figure 4 . Notice also that the faster the neutrino mass goes from zero to m ν , the largerω is (see figure 4) and hence varying B s should lead to visible effects in the CMB angular power spectrum for a s ∼ 10 −3 . This is illustrated in figure 3 (a). The above consideration explains the prominent alteration of the angular power spectrum of the CMB if a s ≈ a ls ≈ 10 −3 . To understand why the CMB also has prominent effects for a s as high as ∼ 10 −2 (see figure 3(b) ), the third line in equation (2.10) must be considered. The third line is the ISW effect and depends on the temporal changes in the metric potentials. When the neutrinos gain mass, the potentials change abruptly which leads to a significant eISW effect if the neutrino mass is generated sufficiently close to the time of last scattering. In particular, a neutrino mass generation has to occur early enough for the neutrino energy contribution still to be a significant part of the total energy density of the Universe. This is seen in figure 5 where the CMB angular power spectrum is shown for three values of a s with and without the eISW effect. More precisely, figure 5 shows the CMB angular power spectrum with and without the eISW effect included, for three different models, one being the reference model and the others having a s = 10 −2 and a s = 10 −3 . The figure shows that the CMB angular power spectrum for the a s = 10 −2 case is virtually the same as that of the reference model if the eISW effect is removed. On the other hand, the figure shows that for the a s = 10 removing the eISW effect still leaves a significant deviation from the reference model's CMB angular power spectrum.
Effects of neutrino self-interactions
0.01 1 The Vlasov equation describes the evolution of the neutrino distribution function when neutrinos are collisionless. When neutrinos are strongly self-interacting, the right-hand side of the Boltzmann equation will be non-vanishing. In general, the behavior of the neutrino distribution function depends on the specific form of this right-hand side. However, the main effect of having strong neutrino self-interactions is that the anisotropic stress of the neutrinos vanishes and the neutrinos effectively behave as a perfect fluid, corresponding to the multipoles Ψ l vanishing for l ≥ 2 (see e.g. [18] for a derivation of this result or [19] for a qualitative discussion).
Without anisotropic stress, the neutrinos will no longer free-stream but will instead cluster, leading to an increased power in the neutrino transfer function as illustrated in figure 6 . The figure shows an increase in power on small scales for all the three shown cases. The increase in power is seen only on small scales because these correspond to the scales where free-streaming suppresses growth when the neutrinos are collisionless.
Note that the relative transfer functions have a turnover at relatively high k. This happens because as soon as the mass is switched on, the transfer function grows very rapidly in both cases. This suppresses the relative transfer function simply because of the larger denominator.
Overall, if a strong neutrino self-interaction is instantaneously turned on when a = a s by setting all Ψ l = 0 for l ≥ 2, the power spectrum will respond with an increased power on small scales. Similarly, the neutrino fluid will contribute to the acoustic oscillations and hence an increase in the CMB angular power spectrum occurs, primarily on scales that only enter the horizon after the neutrinos have begun interacting. These effects are visible in the power spectra and CMB angular power spectra of figure 7. 
10 and other parameters set in accordance with the standard ΛCDM model, i.e. H0 ≈ 70km/s/Mpc, Ωc ≈ 0.3 and ΩΛ ≈ 0.7. Legends with an "I" indicate models where interactions are turned on at a = as.
Cosmological models and data
We use the standard ΛCDM model as the basis for our study but add massive neutrinos and selfinteractions in four different combinations. In model 1 (M1) we add neutrinos which become massive when the scale factor reaches a specific, arbitrary value, a s ≤ 1. In model 2 (M2) we in addition introduce strong self-interactions of the neutrinos once a = a s is reached. While the transition from m ν (a) = 0 to m ν (a) = m ν can occur at different rates depending on B s (see equation (2.9)), the transition to strong self-interaction occurs instantaneously. Models 3 and 4 (M3 and M4) are equivalent to M1 and M2 except that a s is no longer arbitrary. Instead, a s is fixed so that it corresponds to the time when the neutrino temperature drops to the temperature corresponding to the present day value of the neutrino mass. In all four models, the neutrino masses are assumed degenerate.
In addition to studying the above four models, a reference model is also studied for comparison. The reference model is the ΛCDM model extended with "regular" massive neutrinos, i.e. neutrinos which are massive at all times with constant value of their mass.
As illustrated in the previous section, neutrino masses and strong neutrino self-interactions can significantly affect the CMB and the growth of structure. It is therefore reasonable to use CMB data and some measure of structure formation data to constrain the models (see e.g. [21] for detailed discussions of how neutrinos affect CMB and BAO observations). The most robust structure formation data is given by BAO data which at the same time contains most of the information needed to constrain standard model parameters and neutrino masses (see e.g. [22] ). BAO data will therefore be used here as the data which contains information on the growth of structure.
As discussed in e.g. [21, 23] , H 0 and the sum of neutrino masses are degenerate when considered with CMB data alone. It is therefore standard to include the HST estimate of H 0 when constraining neutrino parameters with cosmology. However, the ∼ 3σ disagreement between H 0 estimates from Planck and HST (see e.g. [24] ) could indicate that the local H 0 measurement is biased e.g. due to the local density distribution or late-time emergence of curvature (see e.g. [25] regarding the former and [26] regarding the latter). We therefore choose not to use HST data here. We do however include supernova data in order to increase the impact of background effects. As is clear from the results of the next section, the supernova data has virtually no effect on parameter constraints though. This is not too surprising as the BAO data already incorporates background effects.
In summary, using the publicly available CosmoMC package [15] , the cosmological models are an-alyzed in relation to observational data, including CMB, BAO and supernovae. The CMB data includes the Planck 2015 [27] TT and combined low-l (2 ≤ l ≤ 29) TT, EE, BB and TE likelihoods. The BAO data comes from SDSS DR11 [28] and the 6dF survey [29] . The supernova data is that from SNLS [30] , union2 [31] , and the JLA project [32] .
The cosmological parameters constrained in the analyses are
with the following variations: In M3 and M4, a s is not an independents parameter but is determined by m ν , and in the reference model, a s and B s are both irrelevant. The parameters θ s , τ , n s and A s are, respectively, the angular size to the horizon, the optical depth to reionization, and the spectral index and amplitude of the scalar fluctuations induced by inflation. Ω c , Ω b are the present time density parameters of CDM and baryonic matter while h is the reduced Hubble constant. Table 1 . Best fits and 95 % confidence intervals for the reference model (ref), and models M1, M2, M3 and M4, using the data described in section 3. Higher or lower limits are not indicated when they correspond to the prior limits. This is the case for the lower limit of mν which is simply zero. It is also often the case for log 10 (as) which has the prior lower limit of −5 and upper limit of zero, and for log 10 (Bs) which has been given the prior lower limit of −1 and upper limit of 4.
Results

Model
In this section, we present and discuss the results obtained from comparing the cosmological models with data. In particular, the best fit and 95% confidence intervals for the model parameters obtained from running CosmoMC with the four models as well as the reference model are shown in table 1. In addition, triangle plots for selected parameters for each model are shown. Table 1 shows that the best fit values of Ω b , Ω c , n s and A s are very similar for all models, while M1 has a slightly smaller amount of structure formation on small scales than the other models, with σ 8 ∼ 0.78 instead of σ 8 ∼ 0.81 − 0.84. This happens because the best-fit neutrino mass is higher in M1 and therefore the same value of A s leads to a lower value of σ 8 because of neutrino suppression of structure growth. In addition, H 0 takes on noticeably lower values in some of the models compared to the reference model and the acceptable upper limit on m ν varies notably amongst the models. These features will be discussed below. Figure 8 shows a triangle plot for the reference model with a few selected model parameters. The plots are in agreement with those found elsewhere. Adding BAO data leads to much more strict constraints on the upper limit of the sum of neutrino masses than the CMB alone does. As expected, adding supernova data barely changes the constraints compared to only using CMB and BAO data.
For M1 (figure 9), we see that as long as only CMB data is used, the sensitivity to the late time behavior of the neutrino mass is very limited. This means that a very high neutrino mass is possible provided that a s is tuned accordingly. However, once BAO data is added, the sensitivity to m ν increases significantly and it is no longer possible to hide a large present day neutrino mass by switching it on very late in the evolution of the Universe. For the CMB data alone, the constraints on m ν looks somewhat as though the chains have not converged. In reality, however, the somewhat unconverged appearance is due to the fact that high values of a s are permitted; this renders the neutrinos effectively massless during almost the entire history of the Universe which again means that the sensitivity to m ν is limited.
The sensitivity to B s and a s is quite limited, although the marginalized probability distributions indicate a slight preference to larger values of a s and low values of B s . Figure 3 shows that B s and a s affect the same part of the CMB angular power spectrum, namely primarily the low-l part. The overall effect of the two parameters on the CMB angular power spectrum is to raise and lower it, depending on their particular values. Unfortunately, the effects of the two parameters do not simply counter each other in a simple way such that large values of one would consistently permit large values of the other or the like. Instead, the effects of the two parameters counter each other in a quite complicated way, leading to a quite messy 2D plot of these two parameters in figure 9 .
Regarding figure 9 we lastly note that in the case of combined CMB, BAO and supernovae data, the best fit point found is outside the formal 95% confidence region. This presumably happens because the allowed region at high m ν is quite narrow and requires very specific values of a s . This means that it becomes disfavored by the volume effect in the likelihood integral and that the formal allowed region is shifted to lower values of m ν even though very good fits remain at large values of m ν .
In M2 (figure 10), the effect of switching on the neutrino mass deviates from that seen for M1. This is because anisotropic stress vanishes at the point where the mass is switched on since this event is now accompanied with the onset of strong neutrino self-interactions. The CMB is quite sensitive to the presence of anisotropic stress in the neutrino component and therefore the CMB sensitivity to a s is now much better than in M1. The sensitivity to B s is even more limited than for M1. This is CMB CMB+BAO CMB+BAO+Sn Figure 9 . Triangle plot showing the marginalized probability distribution functions and 2D parameter spaces for Σmν , H0, Ωch 2 , log 10 (as) and log 10 (Bs). The figures were computed using GetDist with data from CosmoMC runs of M1.
presumably because the sensitivity to B s is most prominent for a s ∼ 10 −3 while the data now clearly prefers a larger value of a s (disregarding the small peak around log 10 (a s ) ≈ −3.2 which is discussed below).
Overall, CMB data prefers free-streaming neutrinos and the allowed parameter space is large for high values of a s . However, there is a small peak in the marginalized probability distribution function of log 10 (a s ) around a value slightly below a s ∼ 10 −3 , i.e. for a s around the time of last scattering. This leads to small islands in the allowed parameter spaces of other parameters. The peak is most prominent in the case where only CMB data is considered, indicating that it arises because effects of the neutrino mass generation on the CMB angular power spectrum is canceled by the onset of strong interactions. A similar, but reverse, result was found in [34] where neutrinos are strongly interacting at early epochs but decouple later. This leads to a peak in the posterior probability distribution of the coupling constant at high values. A similar result was later confirmed in [35] . [24] . Lastly, it is noted that a s = 1 seems to be permitted in both M1 and M2, implying that all the considered data sets are consistent with neutrinos that are massless until present time.
Theoretically, M3 (figure 11) is clearly more restrictive than M1 and indeed we see that the large values of m ν allowed for both M1 and M2 by the combined data sets are not viable here. This happens because it in M3 is no longer possible to shift a s to high values while keeping m ν large (because a s ∝ 1/ m ν ). This renders the allowed parameter intervals of M3 very similar to those of the reference model. figure 12 ) is the most restrictive of the four cases we study and its phenomenology corresponds roughly to that of [11] . Since this model fixes the relation between the present day neutrino mass and the point where neutrinos become strongly interacting, the island of allowed parameter space around a s ∼ 10 −3 seen for M2 is no longer allowed (as can be seen from figure 10, this island requires m ν to be much smaller than T (a = a s )).
M4 (
Like M1, M4 has a marginal sensitivity to the transition width, parameterized by B s . Opposite to the case of M1, low values of B s are now slightly disfavored, implying that a faster transition is preferred.
Lastly, it is noted that, similarly to the case of M2, for the case of CMB data only, a small region a low H 0 remains viable. The region is much less striking than in the case of M2 though. Figure 13 shows the allowed 2D parameter space for Σm ν and H 0 for all five models. As seen, M1 and M2, where the neutrino mass is allowed to turn on at an arbitrary time (no later than the present), the neutrino mass is permitted to be much larger than in the reference model. Indeed, in these models, m ν ∼ 0.6 − 0.8eV is allowed even when both CMB, BAO and supernova data is used. Such a high value of the neutrino mass could make it accessible to direct measurement by the KATRIN experiment [36] , which has a projected sensitivity to the effective electron neutrino mass around 0.2eV.
M3 and M4 do not permit particularly large values of Σm ν . In fact, M4 which corresponds to the model in [11] has a smaller range of allowed neutrino masses than the reference model does. The contributions of the reference model and M3 are almost indistinguishable in the figure.
Finally we note here that the phenomenological models studied here do not cover all possible models. For example the model of Dvali and Funcke contains the possibility that neutrinos pair annihilate to the light Goldstone bosons of the model. In this case the neutrinos and Goldstone bosons will effectively form a strongly interacting fluid (see e.g. [33] for an example of this) . Such models can also be constrained using cosmological data, but we leave this for future study. Figure 13 . Combined allowed 2D parameter space for Σmν and H0 for all five studied models. The figures were computed using GetDist with data from CosmoMC runs using the both CMB, BAO and supernova data.
Conclusions
In this work we have performed a detailed phenomenological study of the possibility that neutrino masses are generated dynamically at cosmologically late times. In order to be as general as possible we parameterized the neutrino mass in terms of its present day value, m ν , as well as two effective parameters, a s and B s , describing the scale factor at the transition point and the width of the transition, respectively.
We found that current cosmological data has little or no sensitivity to the parameter B s which indicates that at the current level of precision no further parameters are needed to adequately map models of dynamical mass generation. We also studied the possibility that neutrinos become strongly self-interacting at the time of mass generation, as is e.g. predicted in [11] .
As expected, we found that in general significantly higher values of the present day neutrino mass are allowed provided that the transition occurs sufficiently late. In such cases, a direct detection of a non-zero neutrino mass by the KATRIN experiment might be feasible [36] , and the combination of cosmology with KATRIN data could allow for a direct mapping of a time-varying neutrino mass.
In the case where the transition occurs at an energy scale corresponding to the present day neutrino mass, cosmological data puts a much stricter bound on the mass of the neutrino (and correspondingly on a s ). Again, this is not surprising since a large value of the neutrino mass requires the transition to happen early where both CMB and BAO data are sensitive to neutrino phenomenology.
We furthermore find that models where neutrinos become strongly interacting at late times are viable for a relatively wide range in a s . Intriguingly we also find that values of a s around the epoch of last scattering can be allowed by data. Models with strong self-interactions around recombination were also recently found to be allowed in the context of interactions mediated by a new massive vector boson [34, 35] . However, the models we study here are phenomenologically very different because in our case neutrinos become strongly self-interacting at late times while in the massive vector case the self-interactions freeze out at late times. In any case, models with strong neutrino self-interactions are very interesting and merit further study.
